Changes in the levels of thiamin-binding globulin and thiamin in wheat seeds during maturation and germination were studied. The thiamin-binding activity of the seed proteins increased with seed development after flowering. The thiamin content of the seeds also increased with development. Thiamin-binding activity decreased during seed germination. On the other hand, immunological analysis using an antibody directed against the thiamin-binding protein isolated from wheat seeds showed that the thiamin-binding globulin accumulated in the aleurone layer of the seeds during maturation, and then the protein was degraded and disappeared during seed germination. These results suggested that the thiamin-binding globulin of wheat seeds was synthesized and accumulated in the aleurone layer of the seeds with seed development, similar to the thiamin-binding albumin in sesame seeds, and that thiamin bound to the thiamin-binding globulin in the dormant wheat seeds for germ growth during germination.
Thiamin-binding proteins (TBPs) are found in many kinds of plant seeds. 1, 2) It is suggested that they retain thiamin in dormant seeds and supply a nitrogen source and thiamin for germ growth during seed germination. Biochemical and structural properties such as molecular mass, subunit structure, amino acid composition, optimal pH for binding activity, and affinity for thiamin and thiamin analogs and derivatives have been reported for many types of TBPs. [2] [3] [4] [5] Plant seeds have globulin TBP (TBP from the globulin fraction) and/or albumin TBP (TBP from the albumin fraction).
5) The TBPs from plant seeds are generally globulin proteins, although the TBPs from sesame seeds are homologous to 2S storage albumins. 6) Wheat seeds have globulin TBP. 4) Its molecular mass is 120 kDa, consisting of two 56 kDa subunits. The TBP contains a large amount of glutamine or glutamic acid, arginine and glycine. The optimum pH for its thiamin-binding activity is pH 8.0. The biochemical and structural properties of wheat TBP are similar to those of TBPs from rice seeds and maize seeds, suggesting that the TBPs present in closely related plant species have the same evolutionary origin. 4) But, information on the changes of TBP and thiamin levels during seed maturation and germination has been limited to TBPs in rice seeds 1, 7, 8) and sesame seeds. 9) In addition, the localization of TBP in plant seeds has been reported only for the TBP in sesame seeds. 10) Hence, in this study, we investigated the accumulation, degradation, and localization of globulin TBP in wheat seeds during maturation and germination using an immunochemical analysis. In addition, changes in thiamin-binding activity and thiamin levels in the wheat seeds were investigated to compare the interaction of thiamin and globulin TBP in wheat seeds with the interaction of thiamin and the albumin TBP in sesame seeds.
Materials and Methods
Materials. Wheat (Triticum aestivum, Norin 61) was field-grown at the Faculty of Agriculture of Kinki University in Nara, Japan from February to July. The seeds were harvested at the desired times after flowering. The maturation period of seeds was about 45 d after flowering in the experiment. On the other hand, dry matured wheat seeds were immersed in water for 24 h, then were incubated on wet cotton at room temperature. Seeds during germination were collected at the desired times after imbibition.
Extraction of TBP from wheat seeds and assay of thiamin-binding activity. All procedures were done at 4 C. The seeds were ground with mortar and pestle in 0.05 M potassium phosphate buffer (pH 7.0) containing 0.1 mM dithiothreitol. The slurry was stirred for 1 h, then centrifuged at 28;000 Â g for 15 min. Ammonium sulfate was added to the supernatant to 90% saturation, and after centrifugation as described previously, 4) the precipitate was dialyzed against the same buffer overnight. The thiamin-binding activity of the resulting solution was measured by the equilibrium dialysis method as described previously.
4) The thiamin concentrations of the inner and outer solutions were assayed. The difference in concentrations was taken to be due to the thiamin-binding activity.
Extraction of thiamin from wheat seeds and measurement of thiamin. The seeds were ground with mortar and pestle in 10% trichloroacetic acid, then centrifuged at 28;000 Â g for 15 min at 4
C. An equal volume of diethyl ether was added to the supernatant. The mixture was shaken. After centrifugation, 0.05 ml of 0.3 M BrCN, 0.05 ml of 1 M NaOH, and 0.05 ml of 1 M HCl were added to 0.4 ml of the water layer. The thiamin content of the resulting solution was measured on LiChrosorb-NH 2 (150 Â 4:6 mm) using a Shimadzu LC-6A Liquid Chromatograph by the fluorometric method at an emission wavelength of 430 nm with excitation at 375 nm.
11) The HPLC mobile phase was a mixture of acetonitrile and 90 mM potassium phosphate buffer (pH 8.4) at a rate of 60:40, with a flow rate of 2.0 ml/ min. Detection was done with a RF-530 Fluorescence HPLC monitor (Shimadzu). Thiamin (non-esterified thiamin), thiamin monophosphate (TMP), thiamin pyrophosphate (TPP), and thiamin triphosphate (TTP) were used as standards. Thiamin, TPP, and TTP were purchased from Wako Pure Chem., Japan. TMP was purchased from Sigma, U.S.A.
Preparation of antibody against TBP isolated from wheat seeds. The TBP was purified from dry matured wheat seeds as described previously.
4) The purified TBP was emulsified with an equal amount of Freund's complete adjuvant and injected into BALB/c male mice. Booster shots were given at 14, 28, and 35 d. Blood was obtained 4 d after the last injection, and serum was separated by centrifugation.
Electrophoresis and western blot analysis. SDS polyacrylamide gel electrophoresis (SDS-PAGE) was carried out in 12.5% polyacrylamide gel according to the method of Laemmli.
12) The proteins separated by SDS-PAGE were transferred from the gel to a nitrocellulose membrane by the method of Towbin et al. 13) After transfer, western blot analysis was performed as described previously.
9) The antibody directed against the TBP as described above was used as the primary antibody. Anti-mouse IgG alkaline phosphatase-conjugated secondary antibody (Promega, U.S.A.) was used as the secondary antibody.
Preparation of sections for immunohistochemistry and immunohistochemical analysis. Seed, root, stem, leaf, and pericarp sections were prepared as described previously. 10) Immunohistochemical analysis was performed as described previously. 10) Prepared antibody directed against the TBP from wheat seeds as described above, anti-IgG mouse goat-poly, gold 1 nm (British Bio Cell Inter., U.K.), and a HQ silverÔ enhancement kit (Nanoprobes, U.S.A.) were used in the experiment.
Results
Changes in thiamin-binding activity and thiamin levels in wheat seeds during maturation and germination
The thiamin-binding activity of wheat seeds increased during the seed maturation after flowering (Fig. 1) . The thiamin (non-esterified thiamin) level of the seeds increased during maturation. The increase in TPP (the metabolically active form of thiamin) and TMP levels during maturation was slight, compared with the increase in thiamin (Fig. 1) . TTP was not detected in the seeds during maturation. On the other hand, in the seeds during the germination after imbibition, thiamin binding activity decreased remarkably (Fig. 2) . The levels of thiamin and TPP in the seeds during germination did not change although the level of the binding activity decreased (Fig. 2) . TMP and TTP were not detected in the seeds during germination.
Changes in the level of TBP in wheat seeds during maturation and germination
The results of a western blot analysis of the TBP in wheat seeds during maturation and germination are shown in Fig. 3 . The TBP consists of two 56-kDa subunits. But, the 40-kDa polypeptides that were the partial digestion products of the subunits appeared on the SDS-PAGE as reported previously. 4) Therefore, the signal for the TBP was detected on the 56-kDa and 40-kDa polypeptides. The signal was detected in the seeds at 3-6 weeks after flowering and at 1 d after imbibition, and the dry mature seeds, whereas the signal was not detected in the seeds at 1-2 weeks after flowering or at 3-5 d after imbibition. These results showed that TBP accumulated in the seeds during maturation and degraded in them during germination.
Accumulation, localization, and degradation of TBP in wheat seeds during maturation and germination
Immunohistochemical analysis revealed that TBP was present only in the aleurone layer of the seeds (Fig. 4) . The aleurone layer of the seeds at 4 and 6 weeks after flowering was clearly stained with the antibody against the TBP from wheat seeds (Fig. 4B, C) . The seeds, however, had a weaker signal for TBP at 2 weeks after flowering than at 4 or 6 weeks after flowering (Fig. 4A) . These results showed that TBP accumulated in the aleurone layer with seed development after flowering. On the other hand, TBP was degraded in the seeds during germination after the imbibition. The seeds at 1 d after imbibition showed a clear signal for TBP in the aleurone layer (Fig. 4D) . But, the signal was weaker in the seeds at 3 d than at 1 d after imbibition (Fig. 4E) . No signal was detected in the sections from root, stem, leaf, or pericarp, nor in any sections when a nonspecific mouse IgG or antibody against the TBPs from sesame seeds was used as the primary antibody (data not shown).
Discussion
Study of the accumulation and localization of TBP in plant seeds has been limited to the albumin TBP in sesame seeds: the TBP was accumulated and localized in the albumen cells of mature sesame seeds. 10) In this study, the accumulation, localization, and degradation of globulin TBP and the changes in thiamin-binding activity and thiamin levels in wheat seeds during maturation and germination were investigated in order to elucidate the thiamin-storage function of globulin TBP in plant seeds. The globulin TBP accumulated in wheat seeds during maturation (Fig. 3) , and localized in the aleurone layer of the seeds (Fig. 4) . It has been reported that the thiamin-binding activity of peripheral cells was higher than that of endosperm cells in rice seeds.
1) The distribution of the thiamin-binding activity suggested the possibility that TBP is localized in the peripheral cells containing the aleurone layer of wheat seeds because the properties of the TBPs in wheat seeds and rice seeds resemble each other. 4) Globulin and albumin TBPs are present in the peripheral cells of wheat (Fig. 4) and sesame seeds, 10) respectively. The localization of globulin TBP and of albumin TBP in plant seeds was similar. It has been reported that storage proteins accumulate in the aleurone layer in rice and barley seeds. 14, 15) These results suggest that globulin TBP has the role of seed storage protein, as well as albumin TBP.
The thiamin-binding capacity of dry mature wheat seeds was 12.7 ng/grain (Fig. 2) . The thiamin content of dry mature wheat seeds was 35.7 ng/grain (Fig. 2) . It has been reported that thiamin occurred fully bound to the albumin TBP in mature sesame seeds. 10) But, this was not the case in the wheat seeds, because the level of thiamin exceeded the binding capacity of mature wheat seeds. The results suggested that some amounts of thiamin occurred without the formation of a TBPthiamin complex in the wheat seeds. In addition, the thiamin level changed less than that of the thiaminbinding activity in the wheat seeds during germination after imbibition (Fig. 2) , whereas both the thiamin and thiamin-binding activity levels in sesame seeds decreased during germination.
9) The TPP level changed little in the sesame seeds as well as the wheat seeds. TPP is required for germ growth during seed germination.
16) It has been suggested that thiamin was converted into TPP in the sesame seeds for germ growth. 9) Thiamin is stable in wheat seeds as compared to sesame seeds and is converted into TPP in wheat seeds, although further studies are required to explain the difference in thiaminbinding capacity and change of thiamin level between wheat seeds and sesame seeds.
TBP and thiamin accumulated as the thiamin-binding activity increased in wheat seeds during maturation after flowering (Figs. 1, 3) . Expression of the TBP gene was detected only during maturation in sesame seeds.
10) The TBP was degraded and the thiamin-binding activity decreased in wheat seeds during germination (Figs. 2,  3 ). It has been reported that seed storage proteins are degraded by endopeptidases. 17) It suggested that TBP was degraded by endopeptidases with the disruption of the aleurone layer after the germination. The results suggest that globulin and albumin TBPs were synthesized in the seeds during maturation and accumulated in peripheral cells of the seeds, and that thiamin bound to the TBPs in dormant plant seeds and was supplied for germ growth after seed germination. The extracted total proteins (20 g) were subjected to SDS-PAGE, then western blot analysis, as described in Materials and Methods. A, western blot analysis using the antibody against TBP from wheat seeds; B, SDS-PAGE pattern stained with Coomassie brilliant blue R-250. Lanes a to f, seeds at 1 to 6 weeks after flowering; lane g, dry mature seeds; lanes h to j, seeds at 1, 3, and 5 d after imbibition. Asterisks indicate TBP from wheat seeds.
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